Abstract: Water use efficiency (WUE) is a trait of prime interest in cases of drought stress because it provides information on biomass production in limited water conditions. In order to get information on WUE and additional water use related traits, i.e., dry weight (DW), fresh weight (FW), total leaf water (LW) and leaf water content (WC), greenhouse pot experiments were conducted on 156 barley genotypes (Hordeum vulgare L.) for control (70% maximal water capacity of soil) and drought stress conditions (20% of the maximal water capacity of soil). Significant correlations between WUE and the other water use related traits (r ≤ 0.65) were determined in juvenile barley, and genotypes suited for improving drought stress tolerance in early developmental stages were identified. Furthermore, based on the significant effects of genotypes and treatments, as well as their interaction, data were used for genome wide association studies (GWAS) resulting in the identification of 14 marker trait associations (MTAs) corresponding to four quantitative trait loci (QTL). For WUE, four MTAs were detected mostly located on barley chromosome 4H. For four MTAs, functional annotations related to the involvement in response to abiotic stress were found. These markers may be of special interest for breeding purposes in cases when they will be validated and also detected in later growth stages.
Introduction
Drought stress is one of the most important abiotic stress factors in crop production worldwide and therefore of prime importance in plant breeding [1] . Drought stress response is regulated by many factors on the molecular, biochemical and physiological level [2] [3] [4] and is inherited in a quantitative manner. For instance, increased root growth, shoot growth inhibition, reduced transpiration and inhibition of photosynthesis are physiological responses to water deficit [3, 5] . Drought stress may appear at different developmental stages, as a lack of water can occur pre-flowering, during grain-filling, or continuously [6] . Already in the juvenile stages, from sowing to tillering, drought can severely influence yield development [7] . At all stages, plants try to maintain water content in leaves in order to avoid drought stress [8, 9] , e.g., by stomatal closure, which, like most of the drought stress response mechanisms, is regulated by the phytohormone abscisic acid (ABA) [2, 10] .
Plant water uptake is conducted via aquaporin protein channels of root hair cells and is regulated by a gradient in water potential between the ambient soil and the root hair cell cytoplasm [11, 12] . The actual amount of absorbed water, i.e., total leaf water (LW), can be measured by comparing fresh weight (FW) and dry weight (DW) of above ground biomass at a defined time point [13, 14] . Other parameters are the leaf water content (WC), which is estimated in relation to dry weight, or the relative water content (RWC), based on the full turgid weight of leaves [15] . In the present study, the water use related traits FW, DW and LW as well as WC and water use efficiency (WUE) based on DW were determined.
Flow of water through plants is regulated by transpiration, which is driven by differences in the water potential between the leaf cell cytoplasm and the ambient air [12] . Transpiration mainly takes place at the stomata and can be measured by gravimetric screening [16] . Leaf stomata are able to balance transpiration and CO 2 uptake, which has a direct impact on photosynthesis and carbon assimilation [5] . Carbon isotope discrimination (∆ 13 C) is positively correlated to the ratio of internal to ambient CO 2 levels and negatively correlated to transpiration efficiency [17] . Studies on plant photosynthesis showed that C discrimination, which occurs during carbon assimilation, is closely related to WUE [18] and can be used as an indirect parameter to get information on WUE, which is defined as the amount of water needed for the production of one unit plant dry matter or crop yield [12, 19] . However, WUE is not always specifically correlated to crop yield [20] , and, besides this, differences in terminology concerning units and scales have to be taken into account [21] . Additionally, the term "effective use of water" was introduced by Blum [22] as a major target for crop production, which is calculated out of soil moisture and stomatal transpiration. Nevertheless, high WUE is an advantage in managing unfavourable environmental conditions, such as drought, especially in critical reproductive growth stages [16] , and, thus, its improvement is a major goal in plant breeding [23, 24] .
Barley (Hordeum vulgare L.) is a crop of worldwide importance [25] , which is adapted to growing areas ranging from the polar circle to the tropics [26] . In barley, a lot of studies on water use related traits were conducted. For instance, juvenile barley was analysed for biomass parameters and water content, as well as WUE under limited water conditions [13, 27] . Furthermore, the influence of osmotic adjustment to RWC [28] and the relationship between dry matter and WUE [29] were determined. For the analysis of overall drought response mechanisms, a lot of tools are developed in the phenotyping of water use related traits e.g., infrared, in addition to hyper spectral thermography and digital growth analysis [30] [31] [32] .
To combine phenotypic information with genotypic data, genome wide association studies (GWAS) are commonly used today [33] . Genotypic data can be generated applying e.g., next generation sequencing (NGS) [34, 35] , high throughput array technologies like the Infinium iSelect assay by Illumina [36] , the Axiom technology by Affymetrix [37] or genotyping by sequencing (GBS) [38, 39] , resulting in high density genetic maps, e.g., published by Silvar, et al. [40] . Quantitative trait loci (QTL) for water use related traits under drought stress treatment in barley were identified e.g., by Varshney, et al. [41] for biomass on barley chromosome 3H, by Teulat, et al. [42] and Honsdorf, et al. [13] for WC on chromosomes 1H, 6H and 7H and by Diab, et al. [43] and Chen, et al. [44] for WUE on chromosomes 3H, 5H, 6H and 7H.
Therefore, based on genotypic data already published by Wehner, et al. [45] and biomass yield obtained in this study, the present study aimed at (i) the determination of above ground water use related traits under control and drought stress conditions in juvenile barley, to get information on genotypic differences concerning these traits in early developmental stages; and (ii) the identification of QTL using a whole genome association mapping approach.
Results

Phenotyping
Two years of pot experiments revealed significant variation for all water use related traits (Table 1) . For DW of above ground biomass published already in Wehner, et al. [45] , as well as for FW, total LW and leaf WC, means were lower in the stress treatment than in the well watered control variant. In contrast, the WUE increased under drought stress. Furthermore, for all traits, the coefficient of variation (CV) is higher in the control treatment, except for WC. The same holds true for the least significant differences (LSD) for all traits except WC and WUE (Table 1) .
Presuming a normal distribution, tested by Shapiro-Wilk test (data not shown), analysis of variance (ANOVA) revealed significant effects of genotype, treatment, year and interactions of genotype and treatment as well as genotype and year for all traits analysed (Table 2) . Results for DW can be found in Wehner, et al. [45] . Correlations between the traits analysed are shown in Table 3 . The highest correlations (p < 0.001) were estimated between FW and LW with r = 1 for control and r = 0.98 for the drought stress treatment ( Table 3 ). The strong relationship of both traits resulted from the calculation of LW out of FW and DW. Thus, also between LW and DW, highly significant correlations were calculated with r = 0.91 for control and r = 0.48 for drought stress treatment. Furthermore, DW and FW were also significantly correlated for control (r = 0.92) and drought stress treatment (r = 0.59). The same holds true for WC and WUE, which were related on a dry weight basis, which explains the correlation between WC and DW as well as between WUE and DW of r = −0.54 and r = 0.64 for control and r = −0.60 and r = 0.65 for drought stress treatment, respectively. Between LW and WC, a significant (p < 0.01) but rather low correlation was calculated, i.e., r = −0.22 for control and r = 0.31 for drought stress. Both traits were significantly correlated to the WUE with r = 0.54 and r = −0.44 for control as well as r = 0.54 and r = −0.22, respectively, for the drought stress variant (Table 3 ).
All water use related traits analysed were significantly correlated to WUE (Table 3) and are therefore of special interest with respect to drought tolerance mechanisms. The variability of these traits in relation to WUE is shown in Figure 1 . Results show a larger variability under control conditions than under drought stress. In this respect, genotypes with e.g., high biomass production (FW or DW) and high WUE are of special interest. All water use related traits analysed were significantly correlated to WUE (Table 3) and are therefore of special interest with respect to drought tolerance mechanisms. The variability of these traits in relation to WUE is shown in Figure 1 . Results show a larger variability under control conditions than under drought stress. In this respect, genotypes with e.g., high biomass production (FW or DW) and high WUE are of special interest. 
Genome Wide Association Study
Associated genomic regions with regard to drought stress were identified for all water use related traits (Table 4) . Out of these, QTL for FW are not shown because of the autocorrelation to LW (Table 3) , and QTL for DW were published already in Wehner, et al. [45] . For the other traits analysed, i.e., LW, WC and WUE, 14 marker trait associations (MTAs) (p < 0.001) were detected ( Table 4) . Out of these, 10 MTAs were found for control and four MTAs for drought stress conditions. Identified MTAs were located on barley chromosomes 3H to 5H and 7H. MTAs were assigned to four QTL regions by the linkage disequilibrium (LD) decay, which was calculated for this set of genotypes at an average of 2.52 cM [45] .
For LW, two MTAs were detected under control and drought stress conditions each, resulting in two QTL. One QTL was located on chromosome 5H at 124.52 cM and the other QTLs on chromosome 7H at 48.49 cM, also comprising an MTA for WUE at 47.14 cM for the well watered treatment (Table 4) .
Six MTAs for WC were found mostly on chromosome 3H under control conditions, except one MTA on chromosome 3H at 21.38 cM and another MTA on chromosome 5H at 36.18 cM in the drought stress treatment (Table 4) . Two of these MTAs on chromosome 3H were associated to markers located at 113.27 cM with functional annotations of Leucine rich repeat receptor like protein kinases.
For WUE, four MTAs were identified on chromosome 4H, of which one was located at 14.74 cM and three formed one QTL at 61 cM (Table 4 ). While the QTL was found under well watered conditions, the MTA was detected under drought stress treatment. Another QTL for WUE determined under control conditions was located on chromosome 7H at 47.14 cM. All of these explained a rather high portion of the phenotypic variance (R 2 values ranges from 10.5% to 12.89%).
For all significantly associated markers, a corresponding Morex contig, as well as high or low confidential genes, were identified. Functional annotations are listed for the high confidential genes (Table 4) . 
Discussion
Effects of drought stress on juvenile barley genotypes were estimated primarily as the reduction in FW (Table 1 and Figure 1 ) and DW [45] . Limited biomass production under drought stress was detected in a lot of studies in barley in field experiments [41] , greenhouse experiments [13, 45] and hydroponics [14] , and was also observed in different developmental stages [46] . In our studies, a significant effect of the treatments and genotypes and also significant interactions of genotypes and treatments were detected (Table 2 ), which are due to the large variability of the 156 genotypes analysed, and makes this set highly suitable for GWAS. The variability for all traits analysed was higher in the control than in the stress variant (Table 1 and Figure 1 ). This may be due to the severe drought stress at 20% of maximal water capacity of soil and a stress period of four weeks. Nevertheless, this severe drought application allowed to differentiate treatment effects for all traits determined in the present study and in Wehner, et al. [45] .
The total LW and leaf WC indicate the total amount of water in the above ground biomass and the relation to DW, respectively. Under drought stress conditions, the LW and WC in the leaves decreased with a decrease in biomass production (Table 1 and [45] ), which was also shown in other studies in barley [13, 47] . A high, significant negative correlation was estimated between WC and DW in the control (r = −54) and drought stress treatment (r = −60) (Table 3) . High DW is an indicator for large plants transpiring more water than smaller plants because transpiration depends to a large extent on leaf area [48] . Water content in the leaves also depends on osmolality because the more solutes are accumulated in the leaves, the more water will be absorbed and retained [28] . With a defined soil volume in the experimental design used, the amount of water uptake is limited, but by individual watering of each pot until a defined soil water capacity of control and drought stress treatment, genotypic differences with respect to adaptability could be detected. For the control treatment, a high correlation was detected between LW and DW (r = 0.91), whereas, under drought stress conditions, this correlation was much lower (r = 0.48), indicating a different response of genotypes under water limiting conditions (Table 3 ). The same holds true for correlations of DW and FW (Table 3 ) and is also supported by significant genotypic effects and a significant interaction of genotype and treatment (Table 2) .
A trait of special interest in breeding for drought tolerance is WUE [49] . In several studies, as well as in the present study (Table 1) , an increase of WUE under drought stress treatment compared to the control was found [50, 51] . WUE describes the amount of biomass production per unit water supplied, whereas Blum [22] introduced a trait named effective use of water for yield prediction. Thus, WUE is not highly suitable for yield improvement but gives valuable information on drought tolerance [52] . In the present study, the FW and DW for biomass production and LW and WC for water uptake were determined. Therefore, all parameters for identifying drought tolerant genotypes were analysed and turned out to be suited, because of correlations to WUE ranging from r = −0.44 to r = 0.64 and r = −0.22 to r = 0.65, for control and drought stress treatment, respectively (Table 3) . For instance, with a combination of high biomass production, presented by high FW and DW, and a high WUE under water limiting conditions, most efficient genotypes can be identified [53] because the higher the usage of water for producing dry matter, the higher the efficiency [19] . The same holds true for the combination of high water availability, described by high LW, and WUE, as well as for low WC and high WUE under drought stress conditions. As a low WC is often linked to a high WUE, a negative correlation of these traits (Table 3) was observed, i.e., plants with a low WC, relative to DW, were able to use water more efficiently. In Figure 1 , genotypes are grouped by WUE in relation to FW, DW, and LW, as well as WC and different groups of adaptability, can be identified applying the criteria described above. However, as the calculation of WUE is based on one year of data, only, results have to be validated in additional studies in order to identify genotypes with adaptability to drought stress.
In addition to GWAS conducted on this set of genotypes for physiological data already by Wehner et al. [45] , GWAS for water related traits and functional annotations of some marker trait associations (MTA) were carried out in this study.
An interesting QTL region on chromosome 5H was located at 124.52 cM, where two MTAs were found for LW under drought stress. Nevertheless, no special functional annotation with regard to abiotic stress was found (Table 4) . For the QTL on chromosome 7H (Table 4) , and for the marker associated to LW e.g., an AT hook protein was detected. These proteins are acting as chromatin remodelling factors that delay leaf senescence in leaves of Arabidopsis thaliana [54] . Leaf senescence itself is closely linked to drought, as nutrients and metabolites are relocated from leaves to ears, and, therefore, chlorophyll is prematurely degraded [55, 56] .
Within the QTL for LW on chromosome 7H, an MTA for WUE was also located at 47.14 cM, which was observed under control conditions, too (Table 4 ). For the function of this MTA, a WD repeat-containing protein was identified, which is not related to abiotic stress tolerance in plants [57] . In addition, a QTL for WUE under control conditions was located on chromosome 4H around 61 cM. The functional annotation of one of the markers identified a Homocysteine S-methyltransferase 1 ( Table 4 ). This protein is included in the methionine synthase [58] and may be activated in response to abiotic stresses, such as salt stress [59] . Most MTAs for WUE were located on chromosome 4H in this study (Table 4) . Moreover, in a comparable other study in juvenile barley, a QTL for WUE was also found on chromosome 4H [27] . This chromosome seems to be one of the main regions for the regulation of WUE in barley [60, 61] .
For WC in the control treatment, a QTL was identified on barley chromosome 3H at 113.27 cM, including two different Morex contigs for the two co-segregating markers. For both, Leucine-rich repeat receptor kinases were identified, which are located in the plasma membrane and are involved in a plant disease resistance pathway [62] , as well as in ABA signalling and in salt tolerance mechanisms in roots of legumes [63, 64] . Moreover, at 124.89 cM on chromosome 3H, an MTA for WC was detected for control conditions (Table 4) , for which functional annotation again gives a hint for plant defence mechanisms [65] . The link of abiotic and biotic stresses is the focus of research today [66] .
The present study contributes to elucidating drought stress response in juvenile barley with regard to water use related traits and to identifying markers that may be the basis for the selection of drought tolerant genotypes. In particular, those with functional annotation in relation to abiotic stress are of special interest. These are i_SCRI_RS_202061, i_12_31385 and i_SCRI_RS_150063 as well as i_SCRI_RS_203905, associated with LW, WUE and WC, respectively (Table 4 ).
Materials and Methods
For analyzing drought stress, a set of barley genotypes [45, [67] [68] [69] was used consisting of 113 German winter barley cultivars and 43 accessions of the Spanish Barley Core Collection (SBCC). The materials were listed in detail in Additional file 1 in Wehner, et al. [45] .
Investigations were carried out in pot experiments in greenhouses of the Julius Kühn-Institut in Groß Lüsewitz, northern Germany for two years of trials. The experimental design used for drought stress application was described in [45] ,Wehner, et al. [70] . The barley genotypes were characterized in the juvenile stage (phenological growth stage (BBCH) 33, according to Stauss [71] ). Drought stress application started at the primary leaf stage seven days after sowing (das). After a four-week stress period, the whole above ground biomass was harvested at 36 das and weighted for determination of FW under drought stress and well watered conditions. Furthermore, DW was analysed for the drought stress and control treatment according to Wehner, et al. [70] . Out of FW and DW of the biomass per pot, the parameters total leaf water (LW = FW − DW) and leaf water content (WC = LW/DW) were calculated (Table 1) . Furthermore, for one experiment, the total amount of added water per pot was assessed by summing up the amount of daily watering in control and stress conditions. Based on these data, water use efficiency (WUE = DW/total water added) was calculated ( Table 1) .
The Shapiro-Wilk test for normal distribution (package stats, function shapiro.test) followed by an outlier test [72] and ANOVA using a mixed linear model were carried out using RStudio 3.2.5 (R, Boston, MA, USA) [73] (package nlme, function lme) to test effects of genotype, year and treatment, as well as interaction of genotype and treatment (GxT), in addition to genotype and year (GxY) ( Table 2 ). Replication was set as a random effect in the model. Additionally, last square means (LSMeans) were generated in RStudio for the two years (package lsmeans, function lsmeans), and descriptive statistics (package pastecs, fuction stat.desc and package agricolae, function LSD.test) were conducted (Table 1) . Using LSMeans, coefficients of correlation (Spearman) were calculated in RStudio (package Hmisc, function rcorr) between the parameters determined ( Table 3 ). The graphical scatter plots for the correlations between all parameters and water use efficiency ( Figure 1) were also generated in RStudio (package ggplot2, function ggplot). Because the factor "year" had a significant effect (Table 2) , correlations (Table 3) as well as the scatter plots (Figure 1 ) in this paper are shown only for the year in which WUE was analysed.
Furthermore, LSMeans were used for GWAS. The whole set of genotypes was analysed with the Infinium 9 k iSelect Chip (Illumina, San Diego, CA, USA). For mapping, a recent consensus map of single nucleotide polymorphism (SNP) markers by Silvar, et al. [40] was used. After filtering for >5% minor allele frequency (MAF), <10% missing values and <5% heterozygous markers, 4438 SNP markers were used to construct a HapMap and to calculate a kinship of Roger's distances [74] in the open, web-based platform Galaxy [75] [76] [77] . Population structure was already calculated in Wehner, et al. [45] and the respective q-matrix was also used in this study. Applying a mixed linear model (MLM) in Tassel 5 [78, 79] , taking into account kinship and q-matrix, GWAS was conducted based on two years of data for most traits but one year only for WUE. Because of significant effects of the years (Table 2) , the effect of the year was included as a random effect into the GWAS model for all traits except WUE.
All associations with p-values < 0.001 (likelihood of odds, LOD = 3) were considered as significant (Table 4) . In a final step, the contigs of the reference barley Morex genome [80] including the significantly associated markers (iSelect Markers) as well as the genes rendering these genomic regions (Gene List) were taken from the Barley genome explorer (BARLEX) [81] to get an idea of the possible function of the MTAs (Table 4) .
Conclusions
Since drought stress is a quantitative trait, many characteristics have to be taken into account including increasing time and labour needed for phenotyping. Nevertheless, with this study and a previous one [45] , a huge phenotypic and marker dataset has been published for a defined set of winter barley genotypes with respect to drought stress in the juvenile stage. This increases the chance for a pre-selection of favourable traits and alleles for drought tolerance in early developmental stages of barley. Using respective markers, a pre-selection of genotypes can be conducted, thereby reducing the number of genotypes to be tested for drought stress tolerance in the adult plant stage. In this respect, detailed analyses on the correlation between the reaction to drought stress in the juvenile and the adult plant stage have to be conducted.
